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ABSTRACT

The purpose of Project 4,5 was to study the danger tc aircraft
from air pressures resulting from a deep undernater nuclear explosion,
and to this end measurements were planned from the surface up to a
height of 500 ft and out to 6000 ft from surface zero. Bad weather
forced abandonment of all but two measurements, surface pressures at
0 and 6100 ft. These data cc.nfrm that acoustic coupling can. predict
peak air pressures but not later pressures. Coupled with data fro=
experiments with high explosives, a set of predict.ions are arrived at
of air pressures to be expected from WIGWAtyp weapons.
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AIR PRESSURES FROM A DEEP UNDERWATER BURST

1 OBJECTIVES

The purpose of Project 4,5 of Operation WIGWAM was to measure air
pressures from a deep underwater nuclear explosion at the surface and
at altitudes approachin; those which would be used by a delivery air-
craft. In particular it was aesired:

1. To determine the coupling of the water and the air shock,
and

2. To determine the attanuaticn of the shock wave with
altitude.

2 BACKGROU11D AM THEORY

A secondary but important consideration in any proposed use of
nuclear weapons is that the delivery aircraft should escape unharmed
by its cargo. An underwater explosion is dangerous to an airplane
because of the resulting shock wave and because of water thrown up
into the air. In this project we deal only with the shock in air; the
dome is considered by Project 1.5.1

The problem of what the air press'ruos from an underwater burst
will be is not as simple as has sometimes been assumed. Underwater
shock pressures can be estimated from empircal frmulae,2,3, and ware
measured at WIGWAM by Projects :..2 4 1.2.1. 1.3,0 and 4.4.7 The
magnitude of a shock transmitted from water into air is usually esti-
mated using acoustic theory, 6,9 but this method estimates only the
peak pressure without specifying the subsequent decay. Finally it is
not certain how the wave will propagate and decay in the air away from
the surface.

The transmission o a pressure wave from water into air can be

described acoustically:5

Pa 2 PaCa cos w(
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whe.'e ?aand eware peak overpressures ir. air and uater respectively,
Pa arl w are densities o: air and water, Ca and cw velocities of
sound, and w and a are L ngles from the normal of incidence and
tramir-ssion. The angles and a are related by Sneli's law:

s i ( 2 )

rhese expressions apply only to the initial pwak overpressure. The
time scale of the air pressure wave is icriger than that of the water
wave, because water thrown up on the dome maintains air pressures
while pressures in the -water below are falling. The author knows of
no analytical description of this effect, although its existence is
affirmed by experimental evidence.

In an acoustic treatment air pressmure falls off inversely as the
distance from the virtual source of the .explosion, modified by the
vertical gradient of density and velocity of sound in the atmosphere.
Thus cne would expect the air pressure to var-y as:

P (3)
r

The physical reason for such a variation is that the pressure
wave diverges as it travels away from it source, and -ts energ- is
spread over a larger area. In shock waves another factor causes peak
pressure to decrease faster than acoustically. This factor is dissi.-
pation of energy at the shock front ar sing because the rarefactioax
of expansion behind the front travels faster than the front itself.
In an underwater explosion, a third factor also enters: crossfeed
between parts of the Tave not at the same pressure. For weak shocks
and on the vertical axis, these several effects can be consolidated
into the one differential equation:

ZJr r 7cQ 5 zxcOx

where L is the ratio P/Poof the overpressure to the pressure in front
of the shock, r .s the distance to the virtual source, 0 is Lhe time
constant of the shock defined by the expression

and ul is the particle velocity in the wave in directions x perpendic-
uLar to r. In this expression the first ter on the right comes from
divergence, the second from dissipation at the front, and the third
from crossfeed or the influence of neignboring parts of the wave.



For spherical symmetry, that is, no crossfeed, there existsI 0 anintegration of equation 4: a Lr r ] -1/3

-- in-I (6)

Theoretical treatment of the air pressure from a deep underwater
explosion therefore resolves itself into a prediction of the air
pressure wave at the surface, including its time dependence, and a
prediction of its propagation away from the surface.

3 PREATED EXPERLLM'ITS

Only once, to our knowledge, have there ever been any measure-
ments of air pressures from bursts as deep as the WiGdA4-, burst. The
Waterways Experiment Station (WS) of Vicksburg, Mississippi, in con-
junction with the Naval Ordnance Laboratory (NOL), has burst 32-1b
ch.arges of TNT at depths up to 16.22 ft, which corresponds by W /
scaling to a depth of 2000 ft for 30 KT of ThT.U- Te resulting data
are sum:arized in figure I and table 1.

One can use these data to check the theoretical ideas expressed
above. In table 2 are compared coupling factors (PaiPw) predicted
acoustically by equation 1 with those actually measured. (The
difference between these numbers and those NOL quotes are in part
because NOL used nominal values of velocity of sound. The internal
evidence of the data -- arrival times and cutoff tiUmes -- indicates
that in this set of experiments the velocity of sound in the ater
was 5570 ft/sec instead of -A nominal value of 4d00 ft/sec.) £he
agreement is reasonably good, within 10 per cent, for the first two
stations, but not for the third.

Only a few tracings of the original records are available to us.
These indicate that the time scale of the air pressure wave was about
ten times as long as that of the underwater wave (table 3). if the
water of the dome had acted as a perfect piston, the time constant of
the resulting air pressure wave would be Vo/a, or of the order of
seconds. It is obvious that the water did not act as a perfect piston.

rable 4 shows that tre overpressure above surface zero decreased
more rapidly than inversely with distance. Mioreover, the last column
of table 4 shows that P correction for the time constants of table 3
according to equation b still does not fully account for the decrease
of pressure with height. Crossfeed must be at work. These WES data
Incicate clearly that the air shock from an underwater explosion
cannot be treated only as an acoustic problem.

9



On the other hand there is an a priori reason to expect the WES
data not to scale to WI3WA,. We haive saii that one reason for the non-
acoustic behavior of the air wave is the expansion behLnd the front
as measured by the tire constant, and have attributed the size of that
constant to the action of the dome. iut the dome cannot scale. The
dome starts rising at a velocity wskch depends on the incident over-
pressure ard is thereafter deceleratea by gravity and air drag; however,
gravity does not scale, remaining instead the same for all experiments.
Thus in both the WES experiments and in WIdWAM the initial upward rise
of the done at surface zero was about 100 ft/sec. Because of gravity,
neither dome would rise more than 150 ft. T.e scale factor between the
two experiments was 123, so that the WIGWAMI dome had roughly a hundred
times the density of the other and should be a more effective piston.
it should keep air durations long and make their effect. on peak
pressures less. ne peak pressures at altitude on 4IGWA, should be
greater than the WES data would indicate.

4 EVE IHENTAL PLAR3 Al'D OPERATION

Original plans for this project included measurements of free air
pressure vs time at surface ranges of 0, 2300, 3900, and 6100 ft.
'nese stations were represented in the tow line by the YC-473, the

iCFY-lA, the LCM-2A, and the YFRB-12, respectively. heasurements were
to b- made at heights of 50, 250, and 500 ft above the water except at
the 2300-ft station where only a measurement at 50 ft was to be made.
Moorinz lines of large helium-filled balloons of nylon-covered poly-
ethylene were to be used to hola the gages in place. Lach balloon
would supply a free lift of 2200 lbs to support gages, transmitters,
and cables, and each was to be flown at an altitude of 650 ft.

The first three stations were expected to sink after the burst,
so data from these stations were sent back usirg fm-fm radio telemeter.
in,. 4o transmitters for this purpose were to be hung 50 ft belw
each balloon, each housed in a water-proofed metal container and each
pair with a quarter-wave ground-plane antenna mounted on top. Two
gages were to be mounted at each height of interest with ele-trical,
cables running from each gage of a pair to a different transmitter,
thus insuring complete information even should one transmitter fail.

rhe six transmitted signals were received at a trailer on the
fantail oZ the USS Curtiss. the frequency modulated signals were
recorded directly on Ampex magnetic tape recorders ax4 wre also dis-
criminated and recorded on Consolidated oscillographs.

The 6100-ft station was expected to survive the detonation;
tnerefore hard wire telemetering uas used, data being recorded on a
magnetic tape recorder and o.- a Midwest oscillograph.

Pressure tra nsducers used woen the Wiancko twisted bourdon tube
gage and the Northam and Datran Diaphragm-type variable reluctance
gages.

10



Four balloons were inflated and put into position on the tow line
on D-2, but continuing high winds and rough seas prevented attaching
the gages and associated teleretering equipment to the mooring lines
and raising them to altitude. Because of the winds the balloons
became a hazard to aircraft and to the equipment of other projects;
the balloons had to be cut loose and measurements at altitude
abandoned.

In an eleventh hour attempt to salvage some information of value,
gages were installed on D-1 on the YC-473 and the YFN3-12 near the
water surface. No such gages could be installed on LCH's 1A and 2A
because the tailgate of the L333 Comstock broke and the boats which
were to have been used could not be removed from the well. On the YC
all gages were mounted on a steel framework welded to the deck so as
to extend several feet out over the water and about 20 ft above it.
Gages were mounted on the 15-B at three different locations: twro on
the rail 4ear the bow, two in the cable tub on the forecastle deck,
and two tied to a boom on the helicopter deck. These gages aere
about 24 ft from water level.

5 PMULTS AhD DISCUS3ION OF THE DATA

At both the YC and the M .FB there were several gages and hence
several pressure-time records. Sample wave for-ms are shown in figure 2,
and pressures and times determined from these records are given in
table 5. The table includes aU the few data obtained in P'roject 4.5.

Heasurements of under-surface pressures were made at the C by
Naval Research Laboratory (Project 1.2.1) arm indirectly by Armour
Research Foundation (Project 4.4), and at the YPFB-12 by Naval Ordnance
Laboratory (Project 1.2) nd Naval Electronic Laboratory (Project 1.3).
Their preliminary results are tabulated in table 6. In this table are
also given coupling factors (Pa/Pw) calculated from these data and
acoustically from equation 1. As in the case of the WES data the agree-
ment is only fair.

We should note at this point that, in spite of good intentions,
the gages were not completely free fro interference from the barge on
which they were mounted. This effect is such as to make gages on the
YC read somewhat low, and the gages on the YFHHB somewat high, but in
neither case should the effect be more than 10 per cent.

Only from the surface zero measurements can a time constant be
determined: It is about 430 hsec, 15 times as long as the undervater
time constant. This can be compared ;-th im cons Lants fro the WES
data, where the ratio is more nearly 10. Thus, as expen'td, the
WIGWAY dome was a more efficient piston than the dome in the WES
experiments.

21
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;wen after WIGWAM the only large number of experimental data on
air pressures from an underwater burst are the IES data. The evidence
is that the water-to-air coupling was stronger at WIGWAM than in the
WES experiments, especially in the latter parts of the wrave. On the
otner hand the effective blast yield of the WIGWAM shot was smaller
than the 30 KT to which the IES data scale. These two considerations
somewhat balance each other, being in ooposite directions. We there-
fore recomend that until if and when direct measurements are mads
successfully, the VES data, scaled, be used to predict air pressures
from WIGWMM-type bursts. Figure 3 ezbodies these reco, ended
pressures.

Those observing the WIGwaMI shot noted that a series of sounds
were heard, r.d just one shock. The multiple pressure signals heard
were recorded by the gages on the !M3-12 at times given in table 5.
Correlation with motion pictures see=$ to indicate that the second
after-signal was caused by the bubble break-through plume - indeed
it was discovered by timing the plume and then looking back into the
records. the third signal may -have been caused by the seconr plume,
and the first signal by one of the tabble pulses. The racorded
signals are_ not shocks, but wave trains of indeter-inate character.

6 CONCLUSIOSA 1-=n F 1*AC IO7AO'iS

Principally because of bad weather, only two data were obtained
in Project 4.5. Associating these data with theoretical reasoning
and- with data from experiments with high explosives leads to these
tentative conclusions and reco-ndations:

1. The coupling of peak pressures of water ar4 air shock waves
c-n be described acoustically using equation i. Subsequent behavior
cannot.

2. The propagation of the air pressuare wave away from the
surface cannot be described acoustically (equation 3).

3. For planning purposes we recomrn using air pressures
scaled from the .ES data as presented in fig-ro 3.

4. If any further under-water bursts are made, we recoa--.end
measuring air pressures from them, but not using balloons unless
better guarantees can be given about weather than at -13 .AM.
Particularly should pressure masure-ents be made if relatively
shallo-er bursts are contemplated.

12



Table 1 AIR AND WAT1R 1PRESSUIn±1W YROM WES DATA

(32-lb TNT burst. 16.22 ft under water)

Location
Location (Scaled Peak Arrival Number
(actual) to 20 KT) Overpressure Time of Duration

Station _() (ft) _(psi) (msec) Data (msec)

A x 0 0 2.05 3.00 4 -
y 0.5 62

B x 0 0 1.88 6.00 4 -
y 4.0 490

0 x 0 0 1.25 11.29 4 -
y 10 1230

D x 0 0 0.98 16.96 4-
y 16.22 2000

E x 8.11 1000 1.42 3.53 10 -
y 0.5 62

F x 8.11 1000 1.34 6.18 5 -
y 4.0 49o

G x 8.11 1000 0.93 12.95 6 -
y 12.0 1480

H x 24.3 3000 0.43 5.82 6 -
y o.5 62

I x 24.3 3000 0.48 9.28 4 -
y 4.0 490

J x 24.3 3000 0.50 14,20 2 -
y 10.0 1230

K x 4o.54 5000 0.24 8.90 7 -
y 0.5 62

L x 56.77 7000 0.10 11.97 4-
y . 62

13I _ - -



Table 1 cont'd

Location
Location (Scaled Peak Arrival Number
(actual) to 20 KT) Overpressure Time of Duration

Station (ft) (ft) (psi) (msec) Data (msec)

M x 0 0 3567* 2.91 3 0.176
y -o.5 -62

N x 8.1 1000 405o 3.30 10 0.183
y -0.5 -62

0 X 17.69 2180 3500 3.19 10 -

y-16.22 -2000

P x 24.3 3000 2630 5.51 3 0.125
y -0,5 -62

*This datum is questionable. The three individual measurements
were 400, 2700, and 3900 psi.

Table 2 COUPLING FACTORS FROM WES DATA

Theoretical Experimental Experimental Ratio
Station (acoustic) (actual) (smoothed data)

A-M 4.82 x l0- 5.75 5.35 0.900
E-N 4.34 x 1 O 3.5 3.96 1.097
H-P 2.72 x iO 4  1.65 1.59 1.71

Table 3 TIME CONSTANTS FROM WES DATA

Time Constant Number
Station (msec) of data

M 0.487 2
N 0.386 2
C 4.73 2
D 6.13 2

14



Table 4 ANALYSIS OF WES DATA

Pressure Same, corrected
times for

Height Radius* Pressure Radius duration
H R = H+R AP RAP RAP f(G)
(ft) (ft.) o (psi) (psi ft) (psi ft)

0.5 81.6 2.05 167 168.5
4 85.1 1.88 160 170
10 91.1 1.25 1h 131
16.2 97.3 0.98 95 115
NO = 4.97 x 16.22 = 81.1 ft

Table 5 RESULTANT DATA, PROJECT 4.5

Surface Zero Station
Gage OM _ OHD OMN Oli Average

P- Initial Ftvse (psi) 0.799 0.861 0.793 0.72? 0.795 0.055

P2 Max Fressure (psi) 1.370 1.390 1.302 1.368 1.357 0.038

P3 Final Pressure (psi) 1.23 1.33 1.12 1.18 1.214 0.09

Ta Arrival Time (msec) 1403.5 404,6 03,9 I04.6 ho39
Trise Time to Max (msec) 29.8

Duration of Record 75.3
(msec)

0 Inferred Timae 431
Constant (msec)_

6100-f, _tation

Gage 1N 2W 3N 4W 5N 6w Average

P1 First Max(psi)* 0.110 01h3 0.115 0.123
1 0.018

P2 Second Max(psi)* .172 0.138 o,65 o.156 o.158
! 0.015

Ta Arrival Time 1182 1182 1182 1182 1182 1182 1182 t 5a ( S e ) t 5

TPositive Duratior207.0 256.0 195.3 60.0 204.6±7O"'_ (insec) -.-. .. .. _ __

Secondary signals observed at 4.0, 5.9, and 11.8 sec.

15



Table 6 COMPARISON OF MEASURED AND THEORETICAL COUPLING FACTOR

Underwater Air
pressure pressure Coupling Coupling

Station (psi) (psi) (experimental) (theoretical) Ratio

0 NRL 3000* 1.36 4.55 x 10-4 5.35 x lO- 1.18
ARF 3600 1.36 3.78 x 10 5.35 x 10 1.41

6100 NOL ** o.16 1.71 x 1O-,.
NEL 800 0.16 2.0 x 10-  1.71 x 10-4 0.86

Indirect measurement

Not yet available
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